The activated sludge process has been used for decomposing phenols in industrial wastes. Various kinds of bacteria showing floc-forming and/or phenoldecomposing abilities have been isolated from such activated sludges (1-3). Main objective of these studies are to identify the organisms present in such phenoldecomposing sludges. On the other hand, several papers appeared concerning the floc-forming mechanism (3-6) or biodegradability of phenols in the wastes (7, 8), using microorganisms isolated from activated sludges. These studies were all conducted in pure culture. It is obvious, however, that in a normally operating activated sludge plant these microorganisms are grown in a mixed state and operating in the form of a floc. Therefore, it is necessary to study these bacteria in a mixed culture and their interaction must be clarified.
The activated sludge process has been used for decomposing phenols in industrial wastes. Various kinds of bacteria showing floc-forming and/or phenoldecomposing abilities have been isolated from such activated sludges (1-3). Main objective of these studies are to identify the organisms present in such phenoldecomposing sludges. On the other hand, several papers appeared concerning the floc-forming mechanism (3-6) or biodegradability of phenols in the wastes (7, 8) , using microorganisms isolated from activated sludges. These studies were all conducted in pure culture. It is obvious, however, that in a normally operating activated sludge plant these microorganisms are grown in a mixed state and operating in the form of a floc. Therefore, it is necessary to study these bacteria in a mixed culture and their interaction must be clarified.
The present paper deals with the isolation of bacteria from a phenol-decomposing sludge, the constitution of a model floc by mixed culture of a bacterium showing floc-forming ability alone and a bacterium showing phenol-decomposing ability alone, and the interaction of these two representative bacteria.
MATERIALS AND METHODS
Activated sludge and its culture. The original activated sludge was kindly supplied by the "S. Co., Ltd." (Noborito, Kanagawa). In our experiments, this sludge was cultured for 3 months in a continuous culture apparatus at 20° with aeration. This apparatus consisted of a 2-liter aeration tank and a 280-ml sedimentation vessel from which a part of sedimented sludge was returned into the aeration tank continuously and effluent overflowed. The culture medium contained phenol (700 ppm), peptone (0.01 %), and a basal medium composed of 1.0 g K2HP04, 0.5 g (NH4)2S04, 0.2 g MgSO4.7H2O, 0.1 g CaC12.2H2O, and 0.02 g FeCl3.6H2O per liter, pH 7.0. This was fed through a peristallic pump at a flow rate of 700 ml/day, giving a retention time of 70 hr. The mixed liquor suspended solid (MLSS) at the steady state was about 2,300 ppm, and the concentration of phenol in the effluent was less than 10 ppm.
Determination of phenol. Phenol was determined by a modified method of MURRAY (9). Namely, 20 ml of a diluted sample was added with 1 ml of conc. H2S04 and boiled violently. The resulting solution was distilled, the distillate was basified with NaOH, and filled up to 20 ml with distilled water. Finally, the absorbancy at 290 nm was measured by a Shimadzu QR-50 photometer.
RESULTS AND DISCUSSION

Floc formation and phenol decomposition by isolated bacteria
The sludge (0.7 g wet weight) was dispersed with a blender at 3,000 to 4,000 rpm for 30 min (10). The cell suspension was diluted with sterilized basal medium and plated out on the two agar media; phenol-containing and phenol-free peptone (0.2%) media. After incubation for 14 days at 20°, colonies were picked up and classified according to their cultural characteristics on these media. The bacteria isolated from the original activated sludge were classified into 13 groups from their cultural characteristics on three agar media (Table 1) .
The isolated bacteria were tested for their floc-forming and phenol-decomposing abilities, using a phenol (280 ppm)-peptone (0.02%) medium. Each bacterium was incubated in 100 ml of the medium in a flask on a rotary shaker (180 rpm) at 20° for 72 hr. Floc formation was examined by naked eyes or by the dry weight of the floc. The mass of precipitated cells was designated as floc when the culture was kept still for 30 min, and the cells remaining in the culture medium were designated as free cells. The dry weight of the floc and that of the free cells were determined by dehydration to a constant weight at 105° in an oven.
As shown in Table 2 , the floc-forming ability was observed in the 4 strains, Nos. 2, 5, 12, and 17. Four strains of bacteria, Nos. 3, 4,1 1A, and 19, decomposed 280 ppm of phenol. Strains showing both floc-forming and phenol-decomposing abilities were not obtained. Among these floc-forming strains, strain No. 12 was the best floc-former and the ratio of flocculated cells to total cells was 90 % or more, while the other 3 strains gave the ratio as low as 20 %, as shown in Table 3 . The periodical variation in the weight of flocculated and free cells of strain No. 12 is shown in Fig. 1 . Strain No. 12 grew in a flocculated state, leaving little cells in free state; the supernatant of the culture broth was almost clear.
The floc-forming bacteria and phenol-decomposing bacteria were tested for their resistance to phenol. These bacteria were incubated in a phenol-free peptone (0.2%) medium for 48 hr, 1 ml of the culture was transferred to 100 ml of the peptone medium supplemented with 280 ppm of phenol, and incubated for 72 hr. Subsequently, the bacteria were cultured similarly on the peptone media containing 420, 560, or 700 ppm phenol, for 72 hr. Growth, floc formation, and residual phenol were determined at the end of incubation.
All of the floc-forming bacteria showed a high phenol resistance of 700 ppm. Among the phenol-decomposing bacteria, strain No. 3 and No. 19 showed a high resistance against phenol (700 ppm) and decomposed it rapidly, while the strain No. 4 and No. I lA could not grow on the medium containing 700 ppm of phenol, as shown in Fig. 2 . The time course of the growth of strain No. 3 and No. 19 , and the residual phenol in the medium are shown in Fig. 3 . Phenol was decomposed in the logarithmic phase of the bacteria and exhausted by the time their growth stopped.
In the practical activated sludge process, these phenol-decomposing bacteria must be able to form flocs by themselves or be incorporated into flocs formed by other bacteria. Our experimental results showed that high phenol-decomposing bacteria isolated from activated sludge could not form flocs by themselves. Therefore, they seemed to be present in activated sludge incorporated into flocs formed by other floc-forming bacteria. We assumed that a floc which showed phenoldecomposing ability might be formed by the combination of isolated bacteria.
Formation of model floc by two isolated strains
Two strains of bacteria, one a floc-forming bacterium (Nos. 2, 5, 12 or 17) and the other a phenol-decomposing bacterium (No. 3 or 19), were cultured together and the formation of heterogeneous floc was examined.
After phenol-resistant, floc-forming bacteria and phenol-resistant, phenoldecomposing bacteria were precultured in a phenol (700 ppm)-peptone (0.2 %) medium for 48 hr, l ml of each of these cultures was mixed and placed in 100 ml of the same medium, and cultured on a rotary shaker at 20°. Growth and floc formation were examined on the 3 rd, 5 th, and 10 th days. A pronounced formation of floc was observed in the mixed culture of No. 3 and No. 12 strains, whereas other combinations could hardly form a floc, as shown in Table 4 . The floc obtained from the 10-day mixed culture of No. 3 and No. 12 was examined with respect to the ratio of cell number of the two component strains. The floc was washed three times with sterilized 0.9 % NaCI solution and dispersed by a blender. Then the suspension was diluted stepwise and plated out on the peptone agar medium. After incubation for 10 days at 20°, the number of the yellow colonies of strain No. 3 and the pink colonies of strain No. 12 was counted. It was clarified that this floc was composed of strain No. 3 and No. 12 in the ratio of 1: 6 and could decompose such a high concentration of phenol as 700 ppm very rapidly. phenol and free cells in the supernatant of these cultures were determined. These results are shown in Fig. 4 .
In the experiment A in Fig. 4 The effect of the formation of model floc on phenol decomposition was more clearly shown when 700 ppm of phenol was added without peptone. As shown in However, considering the fact that phenol decomposition was far less than model floc in the simple mixed culture, the structure of floc may be a more important factor; for example, the gradient of phenol may exist near the surface of No. 3 cells which formed the model floc.
